DNA encompassing the structural genes of an Escherichia coli [NiFe] hydrogenase has been cloned and sequenced. The genes were identified as those encoding the large and small subunits of hydrogenase isozyme 1 based on NH2-terminal sequences of purified subunits (kindly provided by K. Francis and K. T. Shanmugam). The structural genes formed part of a putative operon that contained four additional open reading frames. We have designated the operon hya and the six open reading frames hyaA through F. hyaA and hyaB encode the small and large structural subunits, respectively. The nucleotide-derived amino acid sequence of hyaC has a calculated molecular mass of 27.6 kilodaltons, contains 20% aromatic residues, and has four potential membrane-spanning regions. Open reading frames hyaD through F could encode polypeptides of 21.5, 14.9, and 31.5 kilodaltons, respectively. These putative peptides have no homology to other reported protein sequences, and their functions are unknown.
The anaerobic hydrogen metabolism of Escherichia coli and other enterobacteria is intricately regulated with regard to both hydrogen production during fermentation and hydrogen oxidation during anaerobic respiration (13, 14) . This complex regulatory system responds to specific substrates as well as to global regulatory signals and results in the biosynthesis of discrete hydrogenases specific to a given metabolic pathway. Three E. coli hydrogenases have been described which are synthesized in response to different physiological conditions. Hydrogenases 1 and 2 have been biochemically characterized and are immunologically distinct membranebound nickel-containing proteins (2, 3, 31) . The existence of hydrogenase 3 was originally inferred from the fact that hydrogenases 1 and 2 immunoprecipitated from cell lysates did not account for total hydrogenase activity (30) . Hydrogenase 3 activity is very labile and has been only partially characterized (34) . Hydrogenases 1 and 3 are induced to higher levels by growth on glucose and formate. Hydrogenase 3 has also been shown to have a role in the formate hydrogenlyase pathway and accounts for about 60 to 70% of the total hydrogenase activity in the cell. The physiological role of hydrogenase 1 has not been defined. Hydrogenase 2 has been implicated as a respiratory uptake hydrogenase coupled to fumarate reduction and is induced to a higher level by growth in the presence of glycerol and fumarate (30) .
The presence of three different enzymes catalyzing the same reactions makes the biochemical, physiological, and genetic analyses of their metabolic roles technically difficult. Toward understanding the physiological roles of the different hydrogenases, a large number of E. coli mutants defective in hydrogenase activities have been analyzed. Most of these mutants lack all three hydrogenase activities; based on genetic analysis, the mutations appear to be exclusively at loci affecting regulation and do not encompass the hydrogenase structural genes. These genetic loci have been designated as hydA through F (8, 16, 18, 20, 27-29, 35, 42, 43) .
The hydC locus appears to be involved in nickel uptake and/or processessing (32, 42, 43) , but the function of the * Corresponding author.
other loci remains to be elucidated. One E. coli hyd mutant was unusual in that it lacked hydrogenase 3 activity but contained normal levels of hydrogenases 1 and 2 (35) . It is not clear whether this locus, which maps at 59 min, contains the structural genes encoding hydrogenase 3.
In this paper we report the nucleotide sequence of a putative operon that encodes the structural genes of the two subunits of hydrogenase 1 and contains four additional open reading frames. We have designated the operon hya and the open reading frames hyaA through F.
MATERIALS AND METHODS Genomic library construction. The genomic library used in these studies consisted of size fractionated 15-to 20-kilobase (kb) Sau3A genomic partial digests ligated into the BamHI site of the lambda vector, EMBL4. Twenty genomic equivalents transfected into E. coli LE392 were screened for the structural genes encoding [NiFe] hydrogenase.
Probes. Hydrogenases from several bacteria contain stretches of amino acids that are highly conserved in both the large and small subunits. An M13 clone containing one of these regions from the large subunit of the [NiFe] hydrogenase of Desulfovibrio vulgaris (approximately amino acids 50 through 150; see Fig. 7 ) was used as a probe (probe 1) to screen the E. coli genomic library. The clone was labeled by a sequencing reaction in the presence of [a-32P]dATP (26) . The labeled insert was purified from M13 by EcoRI-HindIII digestion followed by fractionation in a 1% low-meltingpoint agarose gel. A second probe (probe 2), consisting of a 400-base-pair PstI fragment from the carboxy-terminal end of the small subunit, was labeled by the primer extension method with [a-32P]dATP (22) . This probe was used to confirm the positives isolated with probe 1. Primary library screens. About 5,000 plaques grown overnight on three petri plates were blotted for 2 min to nitrocellulose filters. The filters were processed as previously described (22) and baked for 2 h at 80°C. All heterologous hybridizations were done in 37% formamide at 42°C for 16 h, followed by washing three times for 20 min each at 60°C in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The filters were exposed for 16 h at -70°C to Kodak X-Omat film. Positive plaques identified in the primary screen were plaque purified at least twice before use in further experiments.
Genomic Southern hybridizations. Genomic Southerns were done with EcoRI-SalI and EcoRV digests of E. coli DNA. The blots were hybridized to probe 1 in 37% formamide at 42°C for 16 h. The filters were washed in 2 x SSC at 60°C and exposed to Kodak X-Omat film for 24 h.
Subclone construction and sequencing. An EcoRI digest of the positive lambda clone yielded a 7.5-kb fragment, which was deduced (by restriction mapping and hybridizations to the two different probes) to contain the genes encoding the hydrogenase structural subunits. This restriction fragment was subcloned into the plasmid pTZ19R. Clones containing the insert in both orientations with respect to the lacZ promoter were isolated and used to generate deletion libraries by the DNase 1 random nicking method (11) . The deletion clones were sized on 1% agarose gels, and 50 clones in both directions representative of the entire 7.5-kb insert were isolated. Single-stranded templates were generated from the pTZ19R clones (25) . Isolated colonies of E. coli NM522, freshly transformed with the deletion clones were picked after 12 h and grown for 3 h in 3 ml of 2 x TY liquid broth (16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter, pH 7.25). They were then infected with the helper phage M13K07, and growth was continued for 2 h. Samples of 100 ,ul were transferred to 5 ml of 2 x TY containing 50 p.g of kanamycin per ml and grown overnight with vigorous shaking. Single-stranded templates were isolated and purified as described for M13 templates in the cloning and sequencing handbook of Amersham Corp. (Arlington Heights, Ill.).
Sequencing was done by the dideoxy-chain termination method (26) . T7 DNA polymerase (Sequenase; U.S. Biochemical Corp., Cleveland, Ohio) was used for the reactions, and DNA fragments were fractionated in 6% wedge gels (0.25 to 0.75 mm thick). Compressions were resolved in duplicate reactions by using dITP in place of dGTP.
Sequence analyses and comparisons were done with Beckman Microgenie, Staden (33) , PC/Gene, and IntelliGenetics programs.
Materials. All restriction and DNA-modifying enzymes were purchased from American Allied Biochemicals, Boehringer Mannheim Biochemicals, and New England BioLabs, Inc., and were used per manufacturer specifications. Sequencing reagents were purchased from U.S. Biochemical Corp. Radioactive isotopes were purchased from Amer- Eighteen putative hydrogenase clones were isolated with probe 1, and four were further characterized. Three of these clones were identical, and the data for one of these clones, EC1, are presented. Probe 1 hybridized to a 1-kb EcoRI-SalI fragment (Fig. 3, lane a) and a 5.8-kb EcoRV fragment (data not shown) of EC1. These bands corresponded to the 1-and 5.8-kb signals obtained on genomic digests with the same enzymes in 37% formamide (Fig. 2, lanes b and c) . Probe 2 hybridized to a 540-base-pair EcoRI-SalI fragment (Fig. 3 (37) . These putative signal peptides, which share limited homologies (Fig. 6 ), appear to resemble some mitochondrial and chloroplast transit peptides and have the structural characteristics necessary to form amphipathic helices.
The The genes for the large subunits of the [NiFe] hydrogenases encode a variable number of cysteinyl residues, but only four of these are conserved in all nickel-containing hydrogenases; they are present as Cys-X-X-Cys motifs at the amino and carboxyl ends of the protein (Fig. 7, regions 2 and 4) . One of these conserved cysteines at the carboxyl end is substituted by a TGA codon (Fig. 7, region 4) to encode the incorporation of selenocysteine into proteins, nase of D. baculatus indicate that selenium acts as a ligand as in the case of E. coli formate dehydrogenase and mouse to nickel (9, 12) . This result might imply that analogous glutathione peroxidase (7, 44) . Extended X-ray absorption cysteinyl residues in [NiFe] hydrogenases (Fig. 7, region 4) fine structure (EXAFS) and electron paramagnetic resoserve as ligands to nickel. 
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ulatus and studies on the incorporation of 33S into the [NiFe] hydrogenase of Wolinella succinogenes indicate that there are two sulfur ligands to nickel, which raises the possibility of the involvement of the second of the paired cysteinyl residues (Fig. 7 , region 4) in nickel liganding (1, 42 
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AnGGCCCGTTA6xUGT?k?GAIAT6CC C CCTICCGGe6TWT6 C6C6 CkGe6s6TC6AC T%GCGICA GCGCAGCGGC T?IGCGA GGTN TGTCIGTGGCTG6C;GGU 5640 homology to the polypeptide encoded by the third ORF in the E. coli hya operon (Fig. 8 ). This level of homology would be highly unlikely in a nongenic region. The derived amino acid sequence of the third ORF from E. coli indicates that its product, HyaC, is very hydrophobic, is rich in aromatic residues, and has four putative hydrophobic membrane-spanning regions (Fig. 9) . Its general topological homology to bacteriorhodopsin (17) Hydrogenase Symp., 1988) . It has been shown that the NAD+-reducing [NiFe] hydrogenase system encodes the structural proteins plus one additional protein and that the membrane-bound [NiFe] hydrogenase system encodes five new peptides of unknown function (15) .
The role of E. coli hydrogenase 1 is perhaps the least understood among the three hydrogenases in E. coli. Studies on its expression and regulation are complicated by the facts that hydrogenase 1 accounts for less than 10% of the total hydrogenase activity and that expression of the different hydrogenases is in many cases coordinately regulated, making physiological studies difficult. To better understand the role of this enzyme in E. coli anaerobic metabolism, we constructed deletion mutants encompassing the complete hya operon as well as individual structural genes. Complementation of these mutants with sequential deletions in the hya operon showed that at least five of the ORFs are essential to produce active hydrogenase 1 (about 30% of the wild type activity was recovered when mutants were complemented with hyaA through E). Restoration of wild-type hydrogenase levels occurred only when mutants were complemented with all six ORFs. Preliminary mapping studies revealed that the hya operon is located at 21 min, hence defining a new locus involved in hydrogenase metabolism in E. coli. All of these results will be reported in detail in the future (N. K. Menon, K. T. Shanmugam, J. Wendl, J. Robbins, H. D. Peck, Jr., and A. E. Przybyla, manuscript in preparation).
